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Abstract
The prediction of shoreline retreat due to storms is important for coastal management. Previous studies have analyzed the
relationship between shoreline retreat by storms and offshore energy flux of waves to estimate shoreline position. In the present
study, the combined effect of the maximum wave run-up level of sea waves on beaches and was used to analyze shoreline
retreat. Eighteen peak storms were selected from shoreline data for Hasaki Coast, Japan, from 1987 to 2006, and shoreline retreat
was analyzed for two phases of erosion: storm phase and post-storm phase. The  concept was shown to be applicable for
estimating shoreline retreat in both phases of erosion. Because berm erosion tends to occur during storm-phase erosion, shoreline
retreat is likely to occur during storm-phase rather than during post-storm erosion. Therefore,  per meter in storm-phase
erosion, and particularly for peak storms, is much less than that in post-storm phase. It was also found that  per meter
increases with landward shoreline retreat in both phases of erosion. The maximum annual shoreline position at Hasaki Coast was
also analyzed statistically, and returns period (RP) was determined using cumulative frequency techniques. RP versus maximum
shoreline position was plotted to determine the probable eroded shoreline position that would likely occur within a given period
of time. It was found that the trend of the return period changes at 5 years and that the RP of the maximum shoreline position at
a distance of 36 m landward from the foot of Hasaki pier is 24 years.
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1. Introduction
Storms in coastal areas cause significant beach erosion, which results in a landward retreat of the shoreline. This
abrupt retreat of the shoreline can be costly and cause drastic changes to coastal structures and communities. A
thorough understanding of shoreline retreat is important for determining the appropriate level of shoreline
stabilization and taking necessary actions.
Storms have a high tendency to cause beach erosion and shoreline retreat because of their high waves. The effect
of wave energy flux on shoreline movement has been studied by several researchers (Wright and Short 1984;
Lippmann and Holmann 1990; Benumof et al. 2000; Dail et al. 2000; Kaliraj et al. 2014). On sandy beaches,
however, the impact of storms should be determined from the cumulative effect of waves, wind, currents, tides,
topographies, and anthropic modifications of the local field (Guimaraes et al. 2015). To accurately predict shoreline
changes, it is important to consider both the characteristics of wave motion and the characteristics of wave run-up
level in the swash zone (Sallenger 2000; Ruggiero et al. 2000). High wave run-up enables high-energy waves to
reach farther onto the beach. The characteristics of wave run-up have been studied in the past decade on various
types of beaches (Kobayashi et al. 1987; Ahrens and Heimbaugh 1988; Hsiao et al. 2008; Hur et al. 2012; Saelevik
et al. 2013). Several researchers studying berm formation and erosion (Katoh and Yanagishima 1993; Suzuki et al.
2007) have used the wave run-up level as the threshold of berm erosion.
Frequency analyses are site specific and are often used to determine probable peak design discharge in rivers.
However, frequency analyses are rarely used for coastal areas. Some researchers have applied frequency analysis of
beach erosion by peak storms. Fiore et al. (2009) statistically analyzed data of the Mar del Plata coastline, Argentina.
These authors determined the return period (RP) of extreme maximum annual beach erosion. Munger and Kraus
(2010) determined the frequency of extreme storms with beach erosion at northern Assateague Island, Maryland.
Ruggiero et al. (2000) developed a probabilistic model for Oregon beaches to predict erosion based on peak storms
causing extreme erosion.
In the present study, 18 peaks storms were selected from 20 years of field data from 1987 to 2006 at Hasaki Coast,
Japan, and shoreline retreat was studied by the combined effects of wave energy flux and wave run-up level .
Moreover, annual peak storms were also selected from the data, and maximum annual shoreline position was
analyzed by frequency analysis.
2. Data description
Shoreline position data were obtained at Hasaki Oceanographic Research Station (HORS), a research station for
field measurements in the nearshore zone of the Hasaki Coast, Japan (Figure 1). The bathymetry profile around
HORS was almost uniform alongshore, and the median sediment diameter was 0.18 mm. HORS has a 427-m-long
pier, and the cross-shore distance along this pier is defined relative to the reference point of HORS with the seaward
direction set as positive. Based on the datum level at Hasaki, the high, mean, and low water levels are 1.252 m,
0.651 m, and –0.176 m, respectively. In this study, the shoreline was defined as the cross-shore location
Figure 1. Location of Hasaki Oceanographic Research Station (HORS)
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where the elevation is equal to the high water level.
Offshore waves have been observed at the mean water depth of 23.4 m offshore from the port of Kashima, which
is approximately 8 km north of HORS, by using a current-meter-type wave directional gage (CWD) sensor for 20
min every 2 hours. The offshore wave energy flux is calculated from the wave height and wave celerity:
   (1)
where is the density of seawater, is the acceleration due to gravity, is the significant wave height, and is
the group wave celerity. In this analysis, the daily averaged wave energy flux is used.
3. Methodology
In the present study, the combined effect of the maximum wave run-up level and on shoreline retreat was
studied. This concept was used because the rise in sea level caused by wave run-up level enables high-energy waves
to reach farther up the beach. Katoh and Yanagishima (1993) proposed an equation for estimating the wave run-up
level R, which was derived empirically from field observation data obtained at HORS:
    	      (2)
where is the mean sea level and is the height of the infragravity waves at the shoreline. The wave run-up
level is defined as the total sum of mean sea level, the run-up level of infragravity waves, and that of incident wind
waves. can be estimated using the offshore significant wave height and the offshore significant wave period
by the following equation proposed by Suzuki et al. (2015).
 	      
         (3)
This paper introduces the new concept that shoreline position changes as a product of wave run-up level and
offshore wave energy flux:
   (4)
where  is the offshore energy flux per meter per day along the shore. The normalized  , (   , was
obtained by dividing the  by its average in 18 years of field data,  .
    (5)
Figure 2. (a) Definition sketch of the real shoreline retreat caused by a storm striking the coast on Jan. 1, 1987. (b) The daily average  
corresponding to the shoreline position in part (a)
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Figure 2 shows the shoreline retreat and corresponding  of a storm striking Hasaki coast in 1987. This figure
is presented to show the typical shoreline retreat that occurs when a storm strikes the coastline. Immediately after
being struck by the storm, the shoreline moved abruptly in a few days (from day 255 to day 265). After this abrupt
change, the shoreline moved slowly and reached maximum shoreline retreat at day 297. The shoreline retreat was
studied separately in the storm and post-storm phases of erosion, and the retreat cross-shore distance of each phase
is denoted in the figure by and , respectively. The mean shoreline of each storm was determined
separately by taking the average of the shoreline in the one-year period extending from six months before the storm
to six months after the storm. The initial positions of the shoreline with reference to in the storm and post-storm
erosion phases are denoted by and , respectively.
4. Data analyses
4.1. Shoreline retreat and  relationship
In this study, 18 peak storms were selected from Hasaki Coast data from 1987 to 2006, and the relationship
between shoreline position and the corresponding and were analyzed. Figure 3 (a) and (b) show the time series
data of daily shoreline position and daily  , respectively. The rapid changes in Figure 3 show the effects of severe
storms that caused temporary shoreline changes. The rapid changes in Figure 3(a) are associated with peak  , as
shown in Figure 3(b). The 18 storms with highest  were selected for analysis. A close-up of the shoreline retreat
and the corresponding changes in  caused by a storm striking Hasaki Coast on September 17, 1987, is shown in
Figure 2. This figure shows that most of the shoreline retreat occurred between day 255 and day 265 during the
storm-phase erosion and that slow erosion occurred between day 260 and day 297. The figure further shows that
most of the storm-phase erosion was completed by day 260 at the peak of the storm and that the rest of the storm
after day 260 caused less shoreline movement despite sufficiently high  . The rapid shoreline retreat during the
initial part of the storm tend to associate with berm erosion, which results in rapid movement of the erosion and rapid
shoreline retreat (Suzuki and Kuriyama 2012).
Figure 3. Daily average time series data of (a) shoreline position and (b)  
Figure 4 (a) and (b) illustrate shoreline retreat in the storm phase of erosion. In Figure 4(a), data of shoreline
retreat in the storm phase are plotted against the normalized offshore energy flux and  . The linear
fit drawn considering that both and has a correlation coefficient of 0.277. However, the linear fit based on
only has a very low correlation coefficient of 0.002, which indicates a weak relationship between and
shoreline retreat. This figure clearly shows the significance of considering wave run-up level in the present study.
However, in the present case is not high, and therefore, we will investigate the relationship between shoreline
579 Nadeem Ahmad et al. /  Procedia Engineering  116 ( 2015 )  575 – 582 
retreat and  further.
In Figure 4(b), is plotted against   with initial shoreline distance from on the third axis.
The figure shows that normalized  decreases with increasing . In other words, we can say that the 
per meter of a retreat of high-intensity storms is less than that of low-intensity storms. Therefore, a high-magnitude
storm could cause a retreat distance that is longer than expected. The data points presented in Figure 4(b) were also
investigated for slope changes before and after storms. The slope of the beach profile was determined at the shoreline
by using a 10-m distance on each side of the shoreline position. The beach cross-shore profile of each data was then
checked before and after storm-phase erosion, and it was found that the data with more than 20 m of in Figure
4(b) had berm erosion due to the storm. Therefore, high-peak storms tend to associate with berm erosion, which
results in a reduction of  per line retreat.
Figure 4. (a) Comparison between the results of using  and using alone in the storm phase. (b) versus   in the storm
phase of erosion
Figure 5. Slopes at the shoreline along the cross-section of beach profiles just before and after storms
As discussed in the previous paragraph, berm erosion is linked with high storms with large shoreline retreat. The
slope of the shoreline beach profile is relatively steep under normal conditions (except on storm days) as waves carry
sediments and deposit them on the shoreline forming a berm. During storms, high waves overtop the berm due to
high run-up level and erode berms formed during mild weather conditions. The berm erosion results in a mild slope
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due to the removal of the top of the accumulated sediment. Therefore, slopes around the shoreline of beach profiles
tend to become mild and steep immediately after storms. In Figure 5, the slope of the shoreline just before and after
the storm-phase erosion of 18 storms is shown in the form of a bar graph. Except for bar number 8, the bar graph
shows the same trend discussed earlier in this paragraph. The beach profile of the shoreline for the out-of-trend point
(bar number 8) was investigated, and it was found that a pile of sediments had formed close to the pier building at
the beginning of the pier. Wind blowing around the pier building may have resulted in the unusual accumulation of
sand at the beginning of the pier. Thus, the accumulation of sand due to the wind may change the natural behaviour
of the beach slope at the shoreline position. on the third axis of Figure 4(b) shows that normalized  also
decreases with increasing .
Figure 6 (a) and (b) illustrate shoreline retreat in the post-storm phase. In Figure 6(a), the data of shoreline retreat
in the post-storm phase are plotted against  . The illustrated linear fit considering both and has a
correlation coefficient of 0.87. The linear fit based only on has an of 0.74, indicating a good correlation in
the case of post-storm erosion. The relationship found previously in Figure 4(a) for and was very weak. This
means that the effect of  is significant in the case of storm phase but insignificant in the case of post-storm
phase. It is logical that high waves during storm phase produce a high wave run-up level. Moreover, the high value
of linear fit of Figure 6(a) also indicates that the relationship between and  is more valid in the slow-erosion
phase.
Figure 6. (a) Comparison between the results of using  and only in the post-storm phase of erosion. (b) versus   in
the post-storm phase of erosion
Figure 6(b) shows plotted against   . The illustrated linear fit has a low value of 0.08, which
means that normalized  does not have a good relationship with . In the storm-phase erosion, this
relationship was clear because of berm erosion. As discussed when considering storm-phase erosion, berms are easily
eroded in the case of high storms and  per line decreases, as shown in Figure 4(b). However, in the case of
post-storm erosion, there is no such phenomenon associated with berm erosion, and therefore, is very low, as
shown in Figure 6(b). Furthermore, the versus   relationship shown in Figure 6(b) is drawn with
on the third axis. The figure shows that normalized  increases as decreases.
4.2. Statistical analyses of annual extreme shoreline events
Annual peak storms were selected from the data, and maximum annual shoreline position and mean annual
shoreline position were determined to perform frequency analyses. Figure 7(a) shows the position of annual
maximum erosion and the mean shoreline position and its standard deviation. The figure shows a repeating trend of
shoreline retreat and advance towards land. Expected extreme shoreline retreat is an important design parameter for
shoreline stabilization and protection of coastal structures and communities. The Return Period (RP is a suitable
measure of the probability of an extreme occurrence in a given period of time. The RP of the maximum-eroded
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shoreline position was determined using a cumulative frequency technique:
 , (6)
where n is the total number of storms and m is the rank of the storm.
Figure 7(b) shows the maximum annual eroded shoreline position plotted against RP. The figure is useful for
determining the RP for any shoreline position. The initial data with RP less than 5 years have a different trend than
the data with RP longer than 5 years. Therefore, a logarithmic fit was drawn for the short-RP data, and a linear fit
was drawn for the four long-RP data points. In the part of the figure with the logarithmic fit, the slope of the fitted
curve is steep, which means that there is only a slight increase in RP with increasing landward shoreline position. In
the linear-fit part of the illustration, the slope of the fitted line is gentle, which indicates a large increase in RP with
an only slight landward increase of shoreline position. For example, as the shoreline position changes from 0 m to -
30 m, RP increases from less than 1 year to only 5 years. However, as shoreline position changes from -30 m to -36
m, RP increases dramatically from 5 years to 24 years.
Figure 7. (a) Return period versus shoreline position, (b) Shoreline position of annual maximum erosion and the annual mean erosion at Hasaki
Coast
5. Conclusion
Shoreline and offshore-wave data at Hasaki Coast, Japan, from 1987 to 2006 were analysed to examine shoreline
retreat behaviour. Eighteen peaks storms were selected from the data, and the relationship between shoreline retreat
and the product of and was investigated. Storm retreat behavior was studied under two phases of erosion: storm
erosion and post-storm erosion. Moreover, the return period was plotted against the maximum shoreline position to
determine the return period for any shoreline position. The important findings from this work are as follows.
1.  concept is more suitable for explaining shoreline retreat behavior than considering alone.
2. Shoreline retreat has a clearer relationship with   in the storm phase than it does with
  in the post-storm phase. Therefore, shoreline retreat in the storm phase is larger than that in
the post-storm phase, mostly because of sudden berm erosion during the storm phase.
3. Normalized  per meter increases with increasing and in the storm and post-storm phases,
respectively.
4. The trend of return period changes at 5 years, as shown in Figure 8. The maximum shoreline position of the
highest storm within the data has a 24-year return period.
(a) (b)
582   Nadeem Ahmad et al. /  Procedia Engineering  116 ( 2015 )  575 – 582 
Acknowledgements
The authors thank all the staff members at HORS for conducting the field surveys. They also thank the Marine
Information Group, Port and Airport Research Institute and Kashima Port and Airport Construction Office for
allowing use of the wave data of the Port of Kashima. This study was partially supported by the Japan Society for
Promotion of Sciences (JSPS) KAKENHI grant numbers 26709034 and 26-04759.
References
Ahrens, J.P., Heimbaugh, M.S., 1988. Irregular Wave Run-up on Riprap Revetments, Journal of Waterway, Port, Coastal and Ocean Engineering
114, 524-530.
Benumof, B.T., Slorlazzi, C.D., Seymour, R.J., Griggs, G.B., 2000. The Relationship Between Incident Waves Energy and Seacliff Erosion Rates:
San Diego County, California, Journal of Coastal Research 16(4), 1162-1178.
Dail, H.J., Merrifield, M.A., Bevis, M., 2000. Steep Beach Morphology due to Energetic Wave Forcing, Marine Geology 162, 443-458.
Fiore, M.M.E., D'onofrio, E.E., Pousa, J.L., Schnack, E.J., Bertola, G.R., 2009. Storm Surges and Coastal Impacts at Mar del Plata, Argentina,
Continental Shelf Research 29, 1643-1649.
Guimaraes, P.V., Farina, L., Toldo, E, Diaz-Hernandez, G., Akhmatskaya, E., 2015. Numerical Simulation of Extreme Wave Runup During
Storm Events in Tramandai Beach, Rio Grande Do Sul, Brazil, Coastal Engineering 95, 171-180.
Hsiao, S.C., Hsu, T.W., Lin, T.C., Chang, YH., 2008. On the Evolution of Run-up of Breaking Waves on a Mild Sloping Beach, Coastal
Engineering 55, 975-988.
Hur, D.S., Lee, W.D., Cho, W.C., 2012. Characteristics of Wave Run-up Height on a Sandy Beach Behind Dual-Submerged Breakwaters, Ocean
Engineering 45, 38-55.
Kaliraj. S., Chandrasekar, N., Magesh, N.S., 2014. Impact of Wave Energy and Littoral Currents on Shoreline Erosion/Accretion along the South-
West Coast of Kanyakumari, Tamil Nadu using DSAS and Geospatial Technology, Environmental Earth Sciences 71, 4523-4542.
Katoh, K., Yanagishima, S.S., 1993. Beach Erosion in a Storm due to Infragravity Waves, Report of the Port and Harbour Research Institute
31(5), 73-102.
Kobayashi, N., Otta, A.K., Roy, I., 1987. Wave Reflection and Run-up on Rough Slopes, Journal of Waterway, Port, Coastal and Ocean
Engineering 113, 282-298.
Lippmann, T.C., Holman, R.A., 1990. The Spatial and Temporal Variability of Sand Bar Morphology, Journal of Geophysical Research 96(C7),
11575-11590.
Munger, S., Kraus, N.C., 2010. Frequency of Extreme Storms Based on Beach Erosion at Northern Assateague Island, Shore & Beach 78(2), 1-
11.
Ruggiero, P., Komar, P.D., McDougal, W.G., Marra, J.J., Beach, R.A., 2000. Wave Runup, Extreme Water Levels and the Erosion of Properties
Backing Beaches, Journal of Coastal Research 17(2), 407-419.
Saelevik, G., Jensen, A., Pedersen, G., 2013. Runup of Solitary waves on a Straight and a Composite Beach, Coastal Engineering 77, 40-48.
Sallenger, A.H., Jr., 2000. Storm Impact for Barrier Islands, Journal of Coastal Research 16(3), 890-895.
Suzuki, T., Kuriyama, Y., 2012. Field Observations of Shoreline Change by Frequency-banded Wave Energy Flux and Foreshore Shape, Coastal
Engineering Proceedings, 1(33), posters 10.
Suzuki, T., Mochizuki, Y., Sasaki, J., 2015. Annual Model of Swash Zone Beach Profile Change Focusing on Berm Formation and Erosion,
Coastal Sediments, accepted.
Suzuki, T., Takeuchi, M., Tomoda, N., Yamaguchi, S., Kuriyama, Y., 2007. Spatial Distribution of Cross-shore Sediments Transport Rate for
Berm Formation and Erosion, Coastal Sediments 7: Proceeding of the Sixth International Symposium on Coastal Engineering and Science of
Coastal Sediment Processes, May 13-17, 2007, New Orleans, Louisiana, 2037-2047.
Wright, L.D., Short, A.D., 1984. Morphodynamic Variability of Surf Zones and Beaches: a Synthesis, Marine Geology 56, 93-118.
